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SUMMARY

An investigation has been conducted to study the aerodynmamic charac-
teristics of an aspect-ratio-20 wing having thick airfoil sections and
employing boundary-layer control by suction. Data from model tests in
both the Langley full-scale tunnel and the Langley low-turbulence pressure
tunnels are included. The results indicate the effects of varying suction
flow rate, suction-slot configuration, wing surface condition, flap deflec-
tion, and Mach number.

The results indicate that, through the use of boundary-layer control
by suction, trailing-edge separation was controlled and lift-drag ratios
as high as 30.8 were attained in the lift-coefficient range from 0.9
to 1.0 for the smooth-wing configuration. Up to & Mach number of 0.4k,
test results show compressibility effects to be only minor for the 1lift-
coefficient range up to and including 1.0. With full-span trailing-edge
flaps installed and maximum suction flow rates applied, maximum 1ift
coefficients of 2.5 and 4.2 were obtained for flaps-neutral and flaps-
deflected conditions, respectively.

INTRODUCTION

The use of high-aspect-ratio wings as & means for reducing the
induced drag and thus increasing the maximum lift-drag ratio has been
common practice for many years. Structural considerations indicate, how-
ever, that increases in the root-section thickness ratio must accompany
increases in the aspect ratio. For airfoil-section thickness ratios
gbove a certain value, the profile drag increases rapidly with increasing
airfoil thickness ratio because of boundary-layer separation in the
vicinity of the trailing edge. As a consequence, increases in the aspect
ratio above a certain value cause increases in the profile drag which are
greater than the decreases in induced drag. Thus, there is a limiting
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aspect ratio above which no improvements in 1ift-drag ratio are obtained.
For conventional straight wings designed on the basis of a ratio of root
thickness to span of 1/35, this limiting aspect ratio is about 12.

A two-dimensional investigation of airfoil sections as thick as
40 percent has indicated that trailing-edge separation can be eliminated
by boundary-layer control (ref. 1). An analysis of several finite wings
having high aspect ratios and thick root sections with boundary-layer
control was also presented in reference 1. This analysis, which was based
on wings having a ratio of root thickness to span of 1/35 and a rough
leading-edge condition, indicated the possibility that the use of thick
root sections and aspect ratios of the order of 20 would yleld lift-drag
ratios higher than those obtainable with conventional straight wings
without boundary-layer control. The investigation reported herein was
made to determine experimentally the aerodynamic characteristics of a
high-aspect-ratio, three-dimensional wing, designed along the lines indi-
cated by the analysis of reference 1.

The three-dimensional wing was designed with an aspect ratio of 20,
a taper ratio of 0.286, and -5° 20' of twist (washout), and with pro-
visions for a full-span suction slot located at the 60-percent chord
point on the upper wing surface. The airfoil sections varied from an
NACA 6k,2-437 profile at the root to an NACA 64s5-42k profile at the tip.

Two semispan models were constructed with semispans of 22.5 feet
and 2.695 feet. These models were tested in the Langley full-scale tun-
nel and Langley low-turbulence pressure tunnel, respectively.

This report presents the results of these two investigations which
included studies of the effects of varying suction flow rate, suction-
slot configuration, flap deflection, wing surface condition, and Mach
number on the aerodynamic characteristics of the wing.

SYMBOLS
Cy, wing lift coefficient, L/qS
D
C wing total drag coefficient, -— + C
D g 123 ) S Db
c pitching-moment coefficient about quarter-chord point,

Pitching moment/qSC

o b/2
wing profile-drag coefficient, §u/‘ cdoc dy
0
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section profile-drag coefficient

blower-power drag coefficient, CPCQ 5

Ho - Ha
Qg

total-pressure-loss coefficient,

flow coefficient, Q/VyS'

local airfoil chord, ft

mean aerodynamic chord, ft
free-stream dynemic pressure, 1b/sq ft
mass density, slugs/cu ft

free-stream Reynolds number based on mean aerodynamic chord
wing semispan, ft

wing area, sq ft

wing area affected by suction, sq £t
wing lift, 1b

wing drag, 1b

wing lift-drag ratio

angle of attack, deg

flap deflection, deg

Mach number, V,/a

critical Mach number
free-stream velocity, ft/sec

free-stream speed of sound, ft/sec

quantity of air removed through suctiom slot, cu ft/sec
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H, free-stream total pressure, lb/sq ft
Hd duct total pressure (measured at wing root), lb/sq £t
y distance along span from wing root, ft

APPARATUS AND TESTS

Models

The models used in the two investigations were identical in external
geometry and had an aspect ratio of 20 and a taper ratio of 0.286. Both
models were designed to have -5° 20' gecmetric twist (washout); however,
because of construction difficulties the 2.695-foot span model had a
twist of -4° 49'. The wings tapered in thickness along straight-line
elements from an NACA 64,2-437 section at the root to an NACA 6is-42l sec-

tion at the 52-percent-semispan station with constant section from the
S52-percent-semispan station to the tip. The basic design parameters for
the models were determined from consideration of several factors. An
aspect ratio of 20 and a taper ratio of 0.2 were indicated on the basis

of reference 1. Analysis by the methods of reference 2 indicated poor
stalling characteristics for an untwisted wing having & taper ratio of
0.2. A compromise was therefore indicated and a wing having a geometric
twist of -5° 20' and a taper ratio of 0.286 was chosen. Wing-root thick-
ness was based on an assumed structural-design consideration of having
the span-to-root thickness ratio equal to 35. Both models had provision
for full-span suction slots located on the upper surface of the wing at
the 60-percent-chord station. Suction was applied to the semispan models
by externally located blowers connected to the wing ducts at the wing
root. Mechanical tares dte to ducting were eliminated through the use

of a mercury seal where the blower ducting attached to the wing ducting;
the effects of suction forces across the seal on 1lift and drag were elimi-
nated by alining the ducting at the seal so that all reaction was in the
side-force plane. The internal ducting on each model was carefully
designed to minimize blower-power losses. The wing ducte were not
restricted by wing structure at any point. The suction slots of both
models had ramp angles of 45°, rounded slot entry lips, and small internal
diffuser angles. For the small model a full-span slot having a width of

1 percent of the local chord was used in all tests. The large model was
tested with three different slot arrangements, namely, (1) a slot tapering
from 2 percent chord at the root to O percent chord at the 0.52% station,

(2) a 1.5-percent-chord slot extending from the root to the 0.52% station,

and (3) a full-span constant-1.5-percent-chord slot. The general arrange-~
ment and principal dimensions of the basic models are shown in figure 1
and the airfoil ordinates are given in table I.
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The 22.5-foot semispan model tested in the Langley full-scale tunnel
was equipped with a full-span 50-percent-chord Fowler-type flap which
could be replaced by a smooth trailing-edge block for basic wing tests.
Ordinates for the flap, as well as hinge-point locations, are presented
in table II. Sketches of the flap arrangement are presented in figure 2.

In order to avoid repetition in the following discussion, the
22.5-foot semispan wing is referred to as model I and the 2.69%5-foot semi-
spen wing, as model IT.

Tests

Model I.- Model I was mounted for tests on the reflection plane in
the Langley full-scale wind tunnel as shown in figure 3(a). Tests were
made with the boundary-layer suction slot sealed and faired, as well as
with the three different suction-slot configurations previously described.
For all configurations, the suction slot was located at the 60-percent-
chord station on the upper surface of the wing. Each model configuration
was tested with the full-span trailing-edge flaps retracted and deflected
and with suction flow coefficients ranging from O to 0.035.

Lift-, drag-, pitching-moment-, and duct-pressure-loss-coefficient data
were obtained over the angle-of-attack range from the angle for zero lift
through the angle of stall for each suction flow coefficient investigated.
Total and static pressures for use in determining blower power required
were measured in the internal ducts at the wing root for each condition
by means of rakes of total- and static-pressure tubes. Profile-drag
measurements were also obtained by wake surveys at 26 spanwise stations
for two of the suction~slot configurations at angles of attack covering
the lift-coefficient range from Cp, = 0 to (1 = 1.0. Flow separation

on the wing surface and at the wing-reflection-plane Juncture was studied
by means of small wool tufts attached to the wing surface.

The wing surface condition for most of the test program was main-
tained smooth. This condition could best be described by stating that the
wing skin was l/h-inch plate rolled to contour, sanded and £illed smooth
to the touch, spray painted and lightly sanded. A limited number of tests
were made for the full-span suction configuration with leading-edge rough-
ness applied. This condition was obtained by spreading No. 60 (0.011-inch
diameter) carborundum greins across the complete-span 0.08-chord surface
distance back from the leading edge on both the upper and lower surface,
the carborundum covering approximately 5 to 10 percent of the area over
which the particles were spread. The Reynolds number range for these tests

was limited to 1.5 x 108 to 2.25 x 10, which corresponds to a Mach num-
ber range from approximately 0.09 to O.11. :

Model II.- Model II was mounted on an electrical-resistance strain-gage
balance and the ceiling of the test section of the low-turbulence pressure
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tunnel was used as a reflection plane. Leakage through the tunnel wall,
where the model passed through to the balance system, was minimized by
a flush-type labyrinth seal attached to the model at the wall as shown
in figure 1.

The prime obJjective in testing this model was to determine the effects
of Mach number on the characteristics of a wing of this type for a range of
1lift coefficients corresponding to the cruise condition. Tests were there-
fore made for only one model configuration (full—span, l-percent slot,
plain wing) with the range of suction flow coefficients limited to those
of interest for cruising flight (CQ = 0.002 to 0.010). The suction slot
on this model was divided into three spanwise sections, each connected to
an individual duct (fig. 3(b)); thus, & meens of varying suction flow
rates between statiors across the wing span was provided. Preliminary
tuft investigations, however, indicated a localized region of separation
occurring at the juncture of the -inboard and center slot sections when
the slot sections were operating at different flow rates. All subsequent
tests were therefore made with a constant flow coefficient across the

span.

Lift-, drag-, pitching-moment-, and pressure-loss-coefficient data
were measured for each flow condition over the angle-of-attack range from
a = 0° through the angle of attack for stall at a Mach number of 0.2.
For the more promising flow conditions, data were obtained up to a Mach
number of O.44. The Reynolds number range of these tests, based on the
mean aerodynsmic chord of the model, varied from O.71 X 106 to 2. 31 X 105
and the Mach number ranged from O. 12 to 0.4,

For model configurations with roughness, strips of 0.004-inch-diameter
carborundum particles were embedded in a thin coat of shellac located at
the 10-percent-chord point on the upper and lower wing surfaces. The
strips were l/h inch wide at the wing root and tapered to 1/8 inch at the

tip.
METHODS AND CORRECTTIONS

Data for both models have been corrected for tunnel-wall effects and
all force-test drag data have been corrected to include the drag equivalent
of the blower power required for each suction condition. The expression

used for computing blower drag CPCQ-—l hes been shown to be valid (ref. 3)

if the efficiency of the blower system is the same as the efficiency of
the propulsive system.

Data for model I have been corrected for tunnel stream-angle misaline-
ment; whereas data from model II have not been corrected. Inasmuch as the
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primary test objective (model II) was & check of Mach number effects on a
wing of this type, an exact stream-angle evaluation did not appear to be
Justified.

Basic data presented for each of the semispan models have not been
corrected for the effects of tunnel-wall boundary layers which, expressed
in terms of model semispans, had thicknesses of 1.5 percent of the semi-
span for model I and 3 percent of the semispan for model IT. Tuft studies
made for model I did not indicate any extensive separation at the wing-
root juncture; therefore, root-interference evaluation did not appear to
be justified for all the test conditions. Wake surveys by the momentum
method were made, however, for the more optimum test conditions and drag
values used in final lift-drag-ratio calculations for model I have been
corrected for the values of interference drag indicated by these surveys.

PRESENTATION OF DATA

Lift-, drag-, pitching-moment-, and suction-pressure-loss-coefficient
data for model I are presented in figures 4 to 15. Data are shown for
the wing with suction slot sealed and faired (fig. k), for the wing with
suction applied to the inboard 0.52 semispan (figs. 5 to 7), and for the
wing with suction applied full span (figs. 8 to 15). These data include
the effects of suction-flow variation, flap deflection, and model surface
condition (leading-edge roughness). Profile-drag measurements obtained
for model I by the wake-survey method (ref. 4) for several conditions are
shown in figures 16 and 17 and are compared in figure 18 with profile-
drag values computed from force-test results by the method of reference 2.
Figures 19 and 20 show the relation of blower drag, profile drag, and
total drag of the wing for a range of suction-flow conditions at two 1ift
coefficients. Maximum-1ift data for the range of test varisbles are sum-
merized in figure 21 and the variations of lift-drag ratio with lift
coefficient for the more pertinent test conditions are shown in figures 22
to 24,

Representative data obtained from tests of model II are presented
in figures 25 to 28. These data are presented primarily to indicate
effects of Mach number for a wing of this type with and without leading-
edge roughness. Correlation of these data with data from model I is not
intended because of the previously discussed differences in model and
test conditions. Summary plots of the effects of Mach number on 1lift-
drag ratio for model II are presented in figure 29. Predicted critical
Mach numbers for the root section of the wing calculated by the method
of reference 5 from low-speed pressure measurements obtained from model I
are presented in figure 30 for a lift-coefficient range from -0.2 to 1.h4.
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RESULTS AND DISCUSSION

Drag Characteristics

The rapid increase in drag above a lift coefficient of 0.6 shown by
the data in figure 4 for the basic wing (slot sealed) clearly indicates
the effects of extensive trailing-edge separation on the thick root sec-
tions. Tuft studies made in conjunction with force tests indicated that
some degree of trailing-edge separation existed at all angles of attack
over the root sections of the wing with the result that the minimum wing
drag measured at a 1lift coefficient of O was 0.017. With suction applied
to the wing through either the semispan or full-span suction slots, the
rapid increase in profile drag associated with extensive trailing-edge
separation could be postponed to higher and higher 1lift coefficients by
increasing suction flow rates as evidenced in figures 5 to 15. From these
results, however, it is obvious that, for all except the lower flow-
coefficient range, the wing drag (including blower-power dreg) becomes
excegsive despite the elimination of trailing-edge separation because of
the rapid increase in- blower-power requirements with increasing flow
coefficient.

Effect of suction flow rate.- The relation of wing total drag to
suction flow rate is illustrated in figures 19 and 20 by the breakdown
of wing total drag into its various components for a range of suction
flow coefficients for lift coefficients of 1.0 and 0.5. TFrom these results
it is apparent that, for this wing, flow rates for minimum total drag do
not correspond to flow rates for minimum profile drag because of the rapid
increase in blower power with increasing flow. It is also noteworthy that
the 0.52 b/2 tapered-slot configuration which gave minimum total drags
actually had higher profile drag throughout all but the low flow-coefficient
range. The net drag reduction possible through suction, therefore, depends
not only on efficient slot and duct designs but also upon maintenance of
the proper relation of blower power and profile drag.

Effect of slot configuration.- In order to illustrate the effect of
slot design consider the flow characteristics of the full-span constant-
percent-chord and 0.52 b/2 tapered-slot arrangements investigated. For
the full-span l.5-percent-chord slot, local flow coefficients at all span-
wise stations will be very nearly constant (provided sufficiently large
duct-to-glot area ratio is maintained (ref. 6)). With the tapered slot
on the inboard 0.52 b/2 only, however, local suction flow rates will vary

across the span for any wing suction coefficient (CQ = 7 %l ) in such a
o]

way that the greatest local suction flow ratio will be obtained for the

thick root sections and will diminish outboard to O where the wing becomes

24 percent thick.
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Close study of two-dimensional section data (ref. 1) indicates that,
in order to minimize the blower-power requirement, local suction flow
rates should vary across the span. For example, consider the wing at a
1lift coefficient of approximately 1.0. Section data indicate that, for
the thick root sections (thickness ratio, 0.37), & flow coefficient of
approximately 0.0l would be near optimum whereas, for the outboard sections
(thickness ratio, 0.24), this flow rate would represent & waste of blower
power because the greatest drag reduction for this section is obtained

at much lower flow coefficients. On the basis of these data, therefore,
the full-span, constant-l.5-percent-chord slot would be expected to be
less efficient for drag reduction than a tapered slot designed to expend
the greatest portion of the blower power for suction at the thick root
sections where separation losses are the greatest. The results of the
present tests (figs. 19 and 20) with the two types of slots show that the
three~dimensional tests confirm the predictions in this respect and the
lowest wing total drags were obtained with the tapered slot on the inboard
semispan only. Profile-drag surveys (fig. 17) with the wing smooth did
not indicate any extensive separstion over the outboard wing panel where

~suction was not applied. It should be noted, perhaps, that the seven

localized drag peaks shown in figure 17 represent the seven external-flap
hinge brackets installed on the lower wing surface.

Effect of Mach number.~- The effect of Mach number on the drag charac-
teristics of the smooth model as obtained from the test on model II is
presented in figure 25. These results indicate no compressibilibty effects
up to the maximum test Mach number of O.4h at 1lift coefficients up to 1.k,
but at higher 1ift coefficients a rapid rise in total drag occurs at Mach
numbers greater than 0.3. These results are reasonably consistent with
critical-speed predictions, based on low-speed measurements of surface
pressures obtained on model I at the spanwise station at which the wing
is 36 percent thick and shown in figure 30. The predicted critical Mach
numbers indicated by the low-speed results vary from 0.55 at a 1ift coef-
ficient of O to 0.42 at a lift coefficient of 1.k.

Effect of leading-edge roughness.- The low Mach number test results
of model I (fig. 14) show that for the full-span suction condition severe
leading-edge roughness caused drag increments of the order of 0.10 to 0.15
in the lift-coefficient range between O and 0.2, whereas Increments of the
order of 0.003 to 0.005 were obtained in the higher lift-coefficient range.
Tuft studies indicated that the large increments in drag obtained at the
low 1ift coefficients were associated with flow separation from the lower
surface.

Data obtained from model II at a Mach number of 0.2 (fig. 27) show
approximately the same drag increment due to roughness at CQ = 0.006

as that shown for model I in the moderate-lift-coefficient range (0.k4
to 1.0). For the higher Mach number condition (M = 0.40) which results
in increased adverse pressure gradient on the airfoil, the effects of
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roughness were more severe and the low-suction-flow condition CQ = 0.,005T
did not eliminate separation (fig. 26). A slight increase in the suction
flow rate to CQ = 0.007, however, was sufficient to eliminate separation
at the higher Mach numbers and to minimize the effects of roughness even
though model blower drag was slightly increased at the higher suction flow
rates.

Lift Characteristics

Tests of the basic smooth wing with suction slot sealed and faired
(Pig. 4) show that, as would be expected, for very thick sections a rela-
tively low maximum 1ift coefficient of 1.1 was obtained with flaps neutral.
The lift-curve slope for 8% = O was approximately 0.1 per degree up to

a Cyp, of 0.6 but, above this 1lift coefficient, extensive trailing-edge

separation spreading outboard from the root section caused a large reduc-
tion in lift-curve slope. Deflecting the full-span trailing-edge flaps
produced approximately constant increments in 1ift coefficient for the
angle-of-attack range in which the 1ift curves were linear with a maximum
increment of approximately 2.0 obtained for the h5° flap deflection. The
maximum 1lift coefficient with flaps deflected 45° reached 2.88.

Applying suction to the wing semispan did not greatly alter the lift-
curve slope in the linear range but did extend the linear 1lift range +to
higher angles of attack. As shown by figure 21, the increments in maximum

1ift obtained by suction with the inboard 0.52% slot configuration were

small compared with the 1lift increments obtained with full-span flaps or
with full-span suction. Tuft studies made in conjunction with these tests
indicated that the maximum 1ift of the wing was limited by complete stall
of the outboard wing sections to which suction was not applied. With the
suction slot extended full span and maximum suction applied (fig. 21), it
was possible to delay trailing-edge separation to considerably higher
angles of attack, and maximum 1lift coefficients of 4.2 and 2.5 were reached
for the flaps-deflected and flaps-removed configurations, respectively.

For each of these configurations maximum lift was obtained at an angle of
attack of approximately 19°. It should perhaps be noted that, with suction
applied, the wing stall is very abrupt.

These results show that full-span boundary-layer suction is effective
in obtaining high maximum lifts, whereas partial-span suction is of limited
value. For the full-span suction condition and high suction flow rates
(figs. 15 and 21), meximm 1ift values of 3.9 and 2.1 were measured for
the rough surface condition with the flaps deflected 45° and 0°, respec-
tively.

Lift-drag ratios.- The evaluation of wing lift-drag ratios is always
a problem which requires extreme care inasmuch as wing absolute drag values
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(with all tunnel corrections) must be very accurately determined. As

the basic purpose of the investigation in the langley full-scale tunnel
involved the determination of wing lift-drag ratios, extreme care was
taken in evaluating stream angle, blower tares, and other tumnel correc-
tions. Profile-drag surveys (figs. 16 and 17) using the wake-momentum
method were made to furnish a check against force data. A comparison of
profile-drag data obtained from momentum surveys and computed from force
data is presented in figure 18. Good agreement between the two methods
of measurement is indicated for all conditions at which comparisons are
made. The momentum-survey data are also useful for estimating the incre-
ment of wing drag resulting from interference at the Jjuncture of the wing
and reflection plane.

Figures 22 and 235 present the lift-drag-ratio characteristics of the
aspect-ratio-20 wing tested in Langley full-scale tunnel (model I) for
several wing configurations including the effects of slot configuration,
flap installation, and leading-edge roughness. Data are presented for
only the more nearly optimum flow rates for each configuration and are
computed from force data which include the wing-root interference drag.
These data show that the optimum slot arrangement tested was the tapered
inboard 0.52 b/2 slot which, for the smooth-wing configuration with
landing flaps installed, reached a maximum lift-drag ratio of 26 as com-
pared to 24 for the full-span, constant-l.5-percent-chord slot. For all
slot configurations, maximum lift-drag-ratio values were reached at a
1lift coefficient ranging from 0.9 to 1.0; these values are in good agree-
ment with predictions based on two-dimensional tests (ref. 1).

Lift-drag ratios for model II are presented in figure 29 to illus-
trate the order of magnitude of Mach number and surface roughness effects
on the maximum lift-drag-ratio characteristics for a wing of this type.
These results show that increasing the Mach number from 0.2 to 0.4k
reduced the maximum lift-drag ratio by less than 1 for either the smooth-
or rough-model configurations. Installing leading-edge roughness reduced
the maximum lift-drag-ratio values by approximately 2 throughout the Mach
mumber range (compare figs. 29(a) and 29(b)), although, as was previously
described, it was necessary to increase the suction flow rate slightly to
obtain maximum 1lift-drag ratio at the higher Mach numbers.

In order to gain a better indication of the maximum lift-drag ratios
obtained for the aspect-ratio-20 wing, the data for model I have been cor-
rected for the increment of wing-root interference drag indicated by the
momentum surveys. The resulting lift-drag ratios for the wing without
flaps are shown in figure 24 as a function of 1ift coefficient. The
results for the semispan slot configuration without flaps were inferred
from tests of the wing with flaps instslled by using flap drag increments
measured on the wing with the full-span slot.

The results shown in figure 24 indicate that the maximum values of
the lift-drag ratio obtained for model I in the smooth condition were
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30.8 for the 2- to O-percent chord, tapered-slot configuration and 27.2
for the configuration with the full-span, l.5-percent-chord slot. In
the rough-leading-edge condition, the maximum lift-drag ratio was 25.2
for the configuration with the full-span, l.5-percent-chord slot. No
data were obtained for the 2- to O-percent-chord, tapered-slot configu-
ration with leading-edge roughness. Unfortunately, it is not possible
on the basis of the data presented in figure 24 to state with certainty
whether the values of lift-drag ratio predicted by the analysis of refer-
ence 1 can be realized on an actual three-dimensional wing. The pre-
dicted values of lift-to-drag ratio given in reference 1 are for untwisted
wings in the rough-surface condition. In all cases, the optimum flow
removal for minimum total drag was assumed at all points along the span.
The maximum value of lift-drag ratio predicted for an aspect-ratio-20
wing with 0.5 taper ratio was about 29, which is, of course, considerably
higher than the value of 25.2 obtalned experimentally for the rough-~
leading-edge condition in the present investigation. On the other hand,
altering the slot design in such a way as to obtain a more favorable
spanwise distribution of suction is seen from figure 24 to increase the
lift-drag ratio of the smooth wing from 27.2 to 30.8. One might infer,
therefore, that, had the model in the rough-leading-edge condition been
tested with a slot design more nearly optimum than the full-span, 1~
percent-chord slot, values of the lift-drag ratio considerably in excess
of 25.2 might have been obtained.

In order to obtain some indication of the manmner in which the 1lift-
drag ratios of the aspect-ratio-20 wing compare with those of a wing of
more conventional design, a study was made of the results contained in
references 7 and 8 for & number of full-span, three-dimensional wings.
The wings for which data are given in references 7 and 8 had various
plan forms and airfoil sections, but all had a span-to-root thickness
ratio of 35. Of the wings investigated with a taper ratio near 0.286,
an aspect-ratio-12 wing having a taper ratio of 0.286 and NACA 4&i series
airfoil sections was chosen as a basis for comparison with the aspect-
ratio~20 wing of the present investigation. This particular wing was
chosen since it appeared to have about the highest 1lift-drag ratio in the
rough-surface condition of any of the wings investigated with taper ratios
near 0.286. The data for this wing at a Reynolds number of 2.8 X 106
indicate maximum lift-drag-ratio values of 24.5 and 33 for the leading-
edge-rough and leading-edge-smooth conditions, respectively.

Because of differences in model surface condition, it is difficult
to draw any conclusions from a comparison of the maximum lift-drag ratios
of the wings without leading-edge roughness. In the rough-leading-edge
condition, however, a more sound basis of camparison exists. For this
condition, the maximum lift-drag ratios of the two wings are not greatly
different, although that of the aspect-ratio-20 wing is slightly higher
than that of the aspect-ratio-12 wing. In accordance with the previous
discussion of the effects of slot design on the maximum 1ift-drag ratio,
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however, it seems possible that, with a more nearly optimum slot design,
the aspect-ratio-20 wing might show a more pronounced advantage over the
aspect-ratio-12 wing in the rough surface condition. It is perhaps worthy
of note that the 1ift coefficient for maximum lift-drag ratio is much
higher for the aspect-ratio-20 wing than for the aspect-ratio-12 wing.

CONCLUSIONS

An investigation of an aspect-ratio-20, straight wing equipped with
a suction slot to eliminate separation of the boundary layer near the
trailing edge indicates the following conclusions:

1. Trailing-edge separation on the thick root sections of a wing of
the type investigated may be effectively controlled through boundary-
layer suction. Unless the suction flow rates at each local station
across the span are carefully limited to the minimum requirement for each
section, however, wing total-drag coefficients including blower power
will be excessive. :

2. From a consideration of obtaining minimum total-drag and maximum
lift-drag ratios in the lift-coefficient range from 0.4 to 1.0, a tapered
slot on the inboard 0.52 semispan portion of the wing appears to be a

more nearly optimum arrangement than a full-span slot of constant-percent-
chord width.

5. For maximum 1ift, the full-span suction-slot configuration is
much more effective than the 0.52 semispan suction configuration. With
full-span trailing-edge flaps installed and maximum suction rates in the
full-span slot, meximum 1ift values of 4.2 and 2.5 were obtained for the
flaps-deflected and flaps-neutral configuration, respectively.

4. The maximum values of the lift-drag ratio obtained for the wing
in the leading-edge-smooth and leading-edge-rough surface conditions
were 30.8 and 25.2, respectively. The decrement in lift-drag ratio
between 30.8 and 25.2 is not due entirely to leading-edge roughness,
however, since the full-span constant-1l.5-percent-chord slot was employed
on the roughened wing, whereas the more nearly optimum tapered slot was
employed on the smooth wing.

5. No adverse effects of compressibility were observed through the
Mach number range investigated (maximum Mach number of O0.4h4) for 1ift
coefficients up to and including 1.0.

Langley Aeronautical Laboratory, \
National Advisory Committee for Aeronautics,
langley Field, Va., May 8, 1953.
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TABIE T

BASIC ATRFOIL ORDINATES FOR ASPECT-RATIO-20 WING

[Stations and ordinates are in percent of airfoil chord]

NACA 64,2-437,

a = 1 (modified) airfoil section

NACA 61L5-1L21L airfoil section

Upper surface

Lower surface

Upper surface

Lower surface

Station|Ordinate Ordinate|Station |Ordinate|Station|Ordinate
0 0 0 0 0 0
-.012| 3.843 -3.705 A% 1.912 .805| -1.712

A3 4 .648 ~b .2 A410( 2.328 1.090| -2.048
.511| 5.879 -5.543 863 2.995 1.637{ -2.567
1.578| 8.048 -7.400 2.048| k.2h9 2.952| -3.505
3.0 10.966 -9.768. || 4.485| 6.126 -l .862
6.4531 13.041 -11.377 6.963| T.566 8.037| -5.870
9.008| 14.632 -12.576 9.461 | 8.741 | 10.539| -6.673
14,138 16.952 -1%.260 |} 14.489] 10.610 | 15.511| -7.918
19.253 | 18.536 -15.352 || 19.541} 12.000 | 20.459| -8.816
24 3771 19.607 -16.027 || 2+.607} 13.01k4 -9.43Y4
29.506 { 20.270 -16.382 || 29.683} 13.692 | 30.317}| -9.804
34.636 | 20.556 -16.436 || 34764 | 14.045 -9.925
39.764 | 20.470 -16.186 || 39.846 1 14.048 -9.764
Wy 8871 19.941 -15.561 | Wh.927| 13.600 -9.220
50.000} 18.980 -14.568 |l 50.000| 12.875 | 50.000| -8.463
55.0981 17.628 -13.248 [ 55.062} 11.929 -7.549
60.1781 15.942 -11.658 || 60.112} 10.801 -6.517
65.235 13.990 -9.870 || 65.1k7} 9.530 -5.410
70.2671 11.855 -7.967 || 70.168| 8.154 | 69.832{ -4.266
75.2T4] 9.632 -6.052 || 75.172| 6.712 | T+.828| -3.132
80.2571 T-h11 -h.227 |l 80.161] 5.241 | 79.839| -2.057
85.216| 5.251 -2.559 || 85.135| 3.791 | -1.099
90.152| 3.205 -1.137 || 90.096| 2.402 | 89.904| -.334
1 95.073| 1.413 -.149 |l 95.046| 1.124 .1ko0
100.000| © 0 N100.000| © 100.000| ©

L.E. radius: 14.260

I,.E. radius: 3.50




BASIC FLAP ORDINATES FOR ASPECT-RATIO-20 WING

TABLE IT

[Stations and ordinates are in percent airfoil chord]

NACA 64,2-437 airfoil section

NACA 645-k2l airfoil section

Upper surface

Lower surface

Upper surface

Lower surtace

dtation | Ordinate | Station | Ordinate || Station | Ordinate | Station |Ordinate
70.000 ~2.000 70.000 -2.000 70.000 ~1.665 70.000 -1.665
70.250 -390 70.250 -3.390 70.208 ~.62k4 70.833 ~3.230
70.500 .265 70.500 -3.9%5 70.500 0 72.918 -3.542
T1.000 1.190 71.000 -4.630 70.8%3 LT T7.085 -2.623%
2,000 2.390 72.000 -5.465 71.875 1.457 83.340 -1.4164
Th.000 3,860 74,000 -6.000 T2.918 2.167 87.500 -.667

76.000 -5.560 75 .000 2.960 9L.TT0 -.083
76 .000 4 .630 79.743 -L4.227 79.175 3.542 95.820 .188
79.000 5.035 8k . 784 -3.559 83.340 3,438 100.000 0
83.000 14 .855 89.843 -2.137 89.580 2.396
87.000 4 .065 gh.927 -.149 %5 .820 .937
91.000 2.855 100.000 0 100.000 0
F5.073 1.413
100.000 0
L.E. radius: 4.00 L.E. redius: 1.660
Location of L.E. radius center: T4.00
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(a) Model I.

Figure 1.~ General layout and principal dimensions of aspect-ratio-20
boundery-layer model. A typical cross section and a sketch of the
root seal are also shown.
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(b) Plan form of model ehowing genersal dueting and root cross section.
Model II. All dimensions are in inches.

Figure l.- Concluded.
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0.90 ¢

Chord line

(a) NACA 64s-kol airfoil section.

0,90 ¢
0,60 o

_ Chord line _
4
)
3
3
[}

¥ X
Hinge point N e =
~-— 0.802 ¢ 5f = 500

(b) NACA 64,2-43T airfoil section.

Figure 2.- Profiles of the NACA 6&5-h2h and the NACA 64,2-437 airfoil
sections showing slot and flap-hinge location and flap deflection.
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(a) Model I mounted in Lengley full-scale tunnel.

Figure 3.- Photographs of aspect-ratio-20 boundary-leyer wing.
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(b) Model II showing ducting arrangement.

Figure 3.~ Concluded.
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Figure 4.~ Aerodynamic characteristics of the basic wing. Suction slot
sealed end faired; flaps Installed; wing smooth; model I.
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(a) Variation of ¢ with @, Cp, =and Cp.

Figure 5.- Aerodynamic characteristics of the wing with suction spplied
to inboerd semispan only. Inboard semispan slot tepered from 2 to
O percent chord. Wing smooth; model I. Note thet Cp values for Cg

of 0.037 are plotted on a different scale.
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(b) Variation of pressure-loss coefficient

with 1lift coefficient.

Figure 5.- Concluded.
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(a) Veriastion of Cp with @, Cp, sand Cp.

0Q62 NI VOVN

Figure 6.- Aerodynemic cherecteristics of the wing with suction applied
to inboerd semlspan only. Inboerd semlspan s8lot tapered from 2 to
0 percent chord; full-spen fleps deflected 40°; wing smooth; model I.
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(b) Variation of pressure-loss coefficient
with 1ift coefficient.

Figure 6.- Concluded.

-



20 Gy d,deg R
“lo acos 0 isxd B R EaSNNE &
gl 0 014 40 15 £ T o Al T Tte ;
o 034 40 |5 /ﬁ*’ N Y @
24 . N\ lf] & Wi
y a }f{/ o |4a
= AW A
. il i
Pii X 7
P & LA Tob PO p
#I ;T/ 1 Po o
B JD/ : [ Cg‘
g J: KK o e
al s ) & 4
Y ; d
i ‘ K .
ol ) N b AN RENuE
-ak e
J6 -2 8 4 0 4 8 12 16 0 -1 -2 -3 -4 -5 <6
a O 04 08 12 16 .%g 24 28 32 36 40 O

(a) Variation of Cp with «a, Cp, =and Cp,

Figure 7.- Aerodynamic characteristics of the wing with suctlon applied
to inboard semispan only. Flaps inetalled; inboard semispan slot
constant 1 percent chord; model I.
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(b) Variation of pressure-loss coefficient
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Figure T.- Concluded.
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(a) Verietion of Cp with o, Cp, and Cp.

Figure 8.~ Aerodynemic charscteristice of the wing with suction applied

full span. Flaeps installed; wing smooth; model I.
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Figure 8.- Concluded.



36
32_ Co 8;,deg R ,Cﬁ /Q/\) g
ogl |0 0013 20  15xI0 /g:ﬁj
|| O 022 20 1.5 8 \ ’ i

oA O 03l 2¢C ] ) \ \ /- l T \I( \
o5 éﬂ-ﬁ b p /U\\‘ » L* \[1 I b
20 ) B Ja g

. ’ B 9

I 6 ﬁ ] 5 A}j \A)\) 7

) — 9 )

2 : _ b

p: J f g
d 14 q

© f—)’ﬁ/ H\T I (I> ﬁ({[

4 ’ i

; . ] :

0 B 5 :

o " _ :

I g

- -4 0 4 8 12 16 20 24
a

04 08 12 6 20 24 28 32 36 40
Co - -2 -3
Cm

with and [l

e “L
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(b) Variation of pressure-loss coefficient
with 1ift coefficient.

Figure 9.- Concluded.



4 ] id
.— CQ Bf,dﬁg R Od ﬁ \ \ Q}_ ,/Q r{{.,
6 0013 40  15xl s B )< X
®% ez 40 s Al AL [,
ol e 03 40 15 4 g 1A\ [/
% [\ [
- \ s I E<AVA! &
- L ' 0 TR
54 -4 RN o it \_h ] &
= INEN NI I N S TR
> 7 o df | & 0 4 &
'- s /
12) fff op] a
ﬁ %
T3 H B
A7 4
v i =
: o Qqqgggg;;?_
T =) 4 Z 6 20 24 —
a O I 2 3 4 5 8
Co -l -2 -3 -4 -5 -6

(e) Variation of Cp with @, Cp, and Cp.

Figure 10.- Aercdynamic characteristice of the wing with suction applied

full spen. Flaps deflected 40°; wing smooth; model I.
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(b) Variation of pressure-loss coefficient
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Figure 10.- Concluded.
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(a) Variation of Cf, with «, Cp, and Cp.

Figure 11.- Aerodynamlc characteristics of the wing with suction mpplied
full span. Flaps deflected 45°; wing smooth; model I.
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Figure 11.- Concluded.
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(a) Variation of Cj, with @, Cp, and Cp.

Figure 12.- Aerodynamic characteristics of the wing with suction applied
full span. Flaps deflected 50°; wing smooth; model I.
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(b) Variation of pressure-loss coefficient
with 1ift coefficient.

Figure 12.- Concluded.
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(a) Variation of Cp, with «, Cp, and Cp.

Flgure 13.~ Aerodynemic characteristics of the wing with suction appliled
full span. Flaps removed; wing smooth; model I.
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Figure 18.- Comparison of profile drag for model I as determined from
force tests and wake surveys.
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(a) Wing total drag.

Figure 19.- Variation of total drag, profile drag, and blower drag with
suction-flow quantity. Wing smooth; R = 1.8 x 106; Cy, = 1.0; model I.
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Figure 19.- Concluded.
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(a) Wing total drag.

Figure 20.- Variation of total drag, profile drag, and blower drag with
suction-flow quantity. Wing smooth; C; = 0.5; model I.
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Figure 20.- Concluded.
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Figure 22.- Variation of lift-drag ratio with 1ift coefficient for three
" slot configurations. ®p = 0°; R = 1.8 X 106; model I.
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Figure 23.- Effect of flap installation and leading-edge roughness on
the lift-drag ratio with full-span 1l.5-percent-chord suction slot.

R = 1.8 x 100; model I.
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Figure 2h.- Comparison of lift-drag-ratio characteristics of model I
corrected for reflection-plane interference.




1.6
)B A - ?g
1.4 /ﬁgw o ] 1 _;/r
. ©O0051 0,20 1.3 %
: 2 Vi B
L // A 00 4k M Aﬁ j
; : &
) /
AN ‘
E s . /7 T
i / / il
g ¢ AV .‘/ !
07 ] |
4 / f
/ [ |
: . !
*::EE§§:7’—'
0 i3 8 12 16 20 .02 .05 06 .10 Ak 0 : -I.1 I -2

ingle of sbtaok, u, dog

Drag ocefflaient, Oy

Pitohing-moment coafficient, 0,

Figure 25.- Effect of Mach nunber on the eerodynsmic characteristics of

model IT with boundary-leyer control by suction.

Model smooth,

0g6ée ML VOVM



L

Lift cosfficdent,

1.8

1'6

1.4

1.2

1.0

\0
o
oy

OQ u B [
C0.0043 0,40 (.76 x 120°
/El g <0087 A0 78 L/l
20070 40 W77 g O

RS
o

LlL

2N I

< PN n S S Y
> e / / \
rd i I
0 7’ T
4 &
| I
h' .| 12 16 [+} + Q2 :OI u“ W olo -al bl 15
ingls of attask, g, deg prag Letont, Op Fitebing-moaemi cosfisiont, g

Figure 26.- Effect of boundary-layer control by suction on the aerodynamic
cheracteristics of an unswept semlspen wing with and without roughness.
Model TI. Flagged symbols denote roughness strips.

0g6c NI VOVN

18



1.8

1.6

1.k aﬁé@
)

B
/

o111 | 4T
h2on.0)
3328
bakk =

"

1.0

g7/ 7

Lif% ooefflcient, GL
™
o
a

o
P,

‘WQ\&
=
TPy o led |

~
WFEE&O@\

28 - G
~NACA " ]
At
[ 1 : ] | j -
12 T 20 0 02 .CR o058 408 .10 o121 3] =1 -
Angle of gttack , o , deg prag coofriclent , Op Pitching-smozsat sosfficlent , O

(a) Wing smooth; model IT.

Flgure 27.- Effect of boundayy-layer control by suction on the aerocdynamic
characteristics of an unswept semispan wing.

096 NI VOVN



1. |
v Cq H B 6 . v
/ 0o0.0021 0.20 1.32 x 10 F~ Ozla
1.2 = 0 .ook 20 1.32 S :
4 * . ~N |
' \ O L0083 .20 1.32 \\\\\ 4
Z@ \9% A 0072 .20 1.32 \\3 J
1.0 S—t T .0095 .20 0.97 j R— :
< N T i AT 5
o «8 =i /_.
. // /
g éfﬁ/ ' :
A .6 4 o . s
B o—0] I~ H—1 T 3
g /] . / @
+
-
3 . I
.2
R oo e
It
% ) 8 12 16 0 02 «0h »06 +08 +10 12 0 ~l

Angle of attack , a , deg

Drag oosffiolent , Op

(b) Wing rough; model II.

Flgure 27.- Concluded.

Pitohing-moment aoeffiolent , Oy

0Q62 ML VOWN

68



Pressure-losa coafficient, OP

3 oq H R

© 0,0022 0,44 0.86 x 109

O L0046 it .88

& 0089 i .88

A 0088 ohd B3 \

“ Ay N ‘ ’DC
© L & ol O[*of o ¥

1
) ¢q M R

© 0,0021 0420 1.38 x 10°

B .0042 +20 1.52

& 0083 .20 1.52

A L0072 .30 1.22

o NAAE on n._aqon

A" L¥iV] v} 2oy wewi
3 > 5 2 X 2

| O Of
. : ] 0
o >0 z% I? AP DA =N 23
G B
i |

0 o 1.0 N 1.4 1.6

Lift eocefficient, Cp,

Figure 28.- Varietion of pressure-loass coefficlent with 1ift coefficient.

Model 1IT.

062 ML VOVM



/D

L/D

=
(]
L=
= o
"] \D
TrT TI—1=x ﬂ-—f'< = |
7%5 ~ R . . 8
= 0,00 N - —_t ~
O 0.0 % [ N N g™ 0.008 (\ L N
]
qqno. \\\ Lq-owa \\.\
<[~
. 0= 04 \\
L — LN
Ho= 0,30, ) A = 0.5%,
— —J—L-...
—T a =] _ K}_
A | =~ 4 ™~ S
R AN _agm' 04004 [ ™~ — ag™ 04007]
L N ! 0.00% EEN cq-.o.oou—/ RSN
/' I\—'m:'-| o ook [~ T . I Lt N Y
e 0" 0 ~J e <
A ~ >l
OQ. SR o0, P o ‘\
[~
o - 0.20 A= 0.8
| ; |
3 . 1.0 T. K T.6 N1 . .8 1.0 1.2 1.k 1.6
Lift onefficlent, O Lift cosificiené, §p

(2) Bmooth wing.

Figure 29.- Variation of lift-dreg ratio for various flow coefficilents
with Mach mamber, Model IT.

9



/uq- 0,008
%{_- - V= 0,007
= —TZ = * 0.008
N AT
x —~~—0. = 0 Lﬂc
qq- 0.004 . '
/ \‘_ = 0007
H = 0,30 K o= 0.4,
Ogm 0,
1 —T T~
Q.= 0,010
P u@' . "} /q ——én;
- AR - —_ T o1 -~
l l I —'F 1] _}= ) \L // .\\ bi\ l 1
-0gm D.008 2t Gqm 0.008
- \0 u 0.007
N = 0.20, ¥ = 0,40,
e & I 1.0 1.2 1.h & & 1.0 1.2 1.%
Lif% eeaiiiolent, o ULt ecaifialent, G

(b) Roughness strips.

Flgure 29.- Concluded.

0962 NI VIVN



0001 - £9-9-¢ ~ SBORT-VOVM

Critical Mach mumber, Mo

A =
- B
5
—— =
. \\*L\
\\\J
o4
3
2
1
“‘.nuli!""__
0 1]
- o 2 odh %5 .8 1.0 1.2 1.4

Lift coefficient, Gy
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